This paper presents novel approaches to address the complex issues associated with preservation, transportation, and tensile testing of the vegetation root samples needed for the enhancement of soil and prevent erosion. Readily availability of no equipment for in-situ assessment of the roots' contribution to soil strength forces the researchers to transport the root samples to the lab for testing and estimating the contribution to the soil shear strength. Moreover, the standard procedures and apparatuses available in the public domain are regrettably suitable for testing of relatively stiffer materials. Therefore, conducting the tensile test of roots using off-the-shelf equipment often causes premature failure of the soft tissues and produces an erratic result, which ultimately leads to unrealistic soil shear strength. The experimental work replaced the traditional jaw type grips by innovative 3D-printed mold or metal ring with silicone, epoxy, and hot-glue to ensure a minimal degree of damage to the roots. Other scopes of the study include a comparison between fresh and refrigerated samples, the effect of sample storage temperature, pH, and Optimum Effective Root Area (OERA) per unit area of soil.
Introduction
Studies show the existence of a strong correlation between the plant roots spread inside the subsoil area and shear strength of that soil. The higher tensile strength of roots contributes to thriving the soil shear strength and binding capacity, which prevents surface and subsurface soil erosion, a common occurrence especially in the wetland and coastal areas. Research shows that as per Louisiana's 2012 Coastal Master Plan, around 4548 square kilometer of land along the Louisiana coastal area is likely to erode over the next 50 years [1] . Construction of seawalls, which requires significant taxpayers' money, helped initially to control such erosion. Their installation, however, has resulted in several negative impacts, which forces coastal ecosystem managers to search for alternative environmental-friendly, sustainable solutions. One such solution is the cultivation of plants, and studies already show that plant roots' tensile strength directly improves soil shear strength, providing planting a clear advantage over constructed barriers.
Different studies revealed that vegetation roots often spread network and anchor in soil layer that potentially contributes to increasing the soil shear strength, improve slope stability, and arrest sliding of soil [2] [3] [4] [5] . Research works show that roots enhance mechanical reinforcement, e.g. shear strength of soil and the ties with root failure mechanism [6] [7] [8] [9] . Root density also influences the soil strength [10] [11] [12] . Current research shows that the tensile capacity of plant roots provides mechanical reinforcement to fine-grained soils at shallow depth and has the potential to increase shear strength ability [3] [13] [14] . Thus, vegetation roots play a significant role in improving soil slope stability by supporting the prevention of mass soil sliding and erosion [15] . The effect of root reinforcement on the soil slope stability can be evaluated directly regarding the additional shear strength provided by roots in root-reinforced soils, and this shear strength is a function of the tensile strength capacity of individual root samples [16] . A study on shear strength evaluation of an erosional soil system at the Fourchon Beach, Louisiana showed that soil shear strength value(s) was 56 kPa for the lightly vegetated zone near the entrance to the Fourchon Beach, while the highest value was around 93 kPa for the vegetated intertidal beach zone [17] . Different studies included evaluation of roots' contribution to soil shear strength based on the in-situ root pull-out test, tensile test, and shear test of recreated soil blocks reinforced with roots using the direct shear equipment [18] . However, physical properties such as diameter and number of root per unit area have an impact on the shear strength. In addition to those, soil moisture content and grain size also likely to impact the in-situ pullout test results. The ambient conditions such as tempera-Open Journal of Soil Science ture, pH, and humidity can affect the in-situ strength as well [19] .
Furthermore, the onsite experimental test setups are highly time-consuming and as a result are very expensive too. Therefore, the collection of substantial numbers of in-situ soil root bonding strength (SRBS) data for predicting the SRBS behavior in a wetland and coastal area is almost impossible. On the contrary, the tensile testing of individual root samples and shear testing of recreated soil blocks in a laboratory-controlled environment are easily reproducible and require less investment of resources that make these approaches more popular among the scientific society. However, during the tensile testing, single root samples may get squeezed by the tensile grip and break prematurely. This premature breaking has the potential to produce significantly low and unrealistic tensile strength data and thus, result in a wrongly calculated soil shear strength value [20] . This paper describes the development of a novel gripping method to ensure zero effect of the gripping technique on the root samples at the support during the tensile testing. The authors established the process based on the performance evaluation of four different trial approaches (namely Method-I, II, III, and IV) of tensile testing performed on Bermuda grass (Cynodon dactylon) root samples collected locally at Ruston, Louisiana, USA. The approaches include replacing the traditional tensile testing grips usually made of metal or plastic with silicone and epoxy based grips for holding to the test specimens. As parallel work, the study also focused on the tensile strength of freshly collected and refrigerated root samples to better understand the effect of aging and refrigeration on the samples. Next, the authors tested the collected Spartina alterniflora roots from a marsh area in southern Louisiana, USA and compared the results. However, the study on the Spartina alterniflora included only tensile testing of aged samples.
Finally, the paper proposed a preliminary guideline for storing, conditioning, and testing of root samples for better evaluation of root embedded soil strength at the wetland and coastal areas.
Theoretical Background
Subsurface parts of vegetation consist of rhizome and primary roots. Rhizomes of are short internodes, forming a dense underground horizontal mat where roots are branched out from the rhizome at almost normal direction as shown in Figure 1 . Therefore, in most occasions, the probability of roots crossing a specified slip surface and acting as shear reinforcement was found to be higher in comparison to the rhizomes (see Figure 2) . Vegetation root has already been recognized as a factor useful for increasing the shear resistance of soil on an unstable slope and thus contribute to preventing soil erosion [21] postulation of roots growing vertically downward act as shear reinforcement and loaded piles [20] .
A review work revealed the significant contribution of different authors for evaluating the relation between the tensile strength of root and shear strength of soil [18] . The tensile force is exerted on the roots as the soil sheared, indicating more roots less shear failure probability that was also shown by [25] and [26] .
Increased shear strength for rooted soil is a function of additional cohesion [20] .
The increased shear strength can be written as, 
The value of (sinθ + cosθtanΦ) to be around 1.2 (assuming θ = 45˚ and Φ = 34˚) for the most practical situation [20] and therefore, the Equation (2) (4) where T stands for tensile strength and a is the cross-sectional area of a single root specimen. Here, A is the accumulated area of all roots in the soil mass. As the study did not include any soil mass, therefore, the value of A is assumed 1 for simplicity in the calculation. In the end, after combining Equations (1)- (4) Previous studies showed linear and exponential relationships exist between the tensile force and root diameter [34] [35]. The study indicated that the laboratory tensile force required to break a root of a certain size is always higher than the in-situ root pullout resistance, possibly due to the complete different gripping mechanism [34] . However, the current study showed that increasing number of roots per unit area does not necessarily increase the soil shear strength and high root area to soil area ratio (RATSAR) may induce a sudden drop in soil shear strength.
Although study that root strength is not affected by storage and the various storing methods for storage time up to a few weeks for woody roots [36] , the present study showed that the concept is difficult to apply when storing roots that mainly grow in wetland and coastal areas. Therefore, testing of samples needs to be carried out preferably on the same day or at least within a week [36] .
A different study showed that the storage and handling of a root once collected is vital because of significant weakening after root death due to cellulose degradation [37] . Cellulose contents have a substantial impact on the tensile strength capacities of roots and moisture is one of the dominant controlling factors of tree root strain and strength [24] [38]. Suggestions by researchers showed root preservation technique maintain root strength after sampling and before testing [36] [37].
The current study concentrated mainly on the tensile strength evaluation of roots and the likelihood of any non-linear relation between soil shear strength and tensile strength in the contributed soil area. The study also focused on the soil pH, temperature, and moisture content (humidity) plus root storage mechanism during transportation. 
Tensile Testing Methods of the Root Samples
Abundance in the availability of the Bermuda grass (Cynodon dactylon) in Ruston, Louisiana played as the critical factor in selecting this species for tensile testing of its roots. The researchers brought the carefully collected samples to the lab and washed the loose soil by spraying with ambient temperature 25˚C ± 1.11˚C clean water and later refrigerated at 1.11˚C. The diameters of the root samples were between 1.60 mm and 3.18 mm. Before the test, 76.2 mm long specimens were prepared by placing the samples on a cutting board and trimming any small root branches on both sides using a sharp scalpel. The relative humidity of the lab was 50% ± 5%. Next, the authors tested the samples by pulling at 2.54 mm/min using the servo controlled tensile testing machine equipped with a load cell (222 N) sensitive up to second decimal places. The research work revealed that grips often squeeze the live root samples, which constitutes of hollow tube-like structure inside and ultimately affect the tensile strength of the samples. The study focused on four different gripping methods for the evaluation of the tensile testing procedure of the specimens.
Method-I: Pulling of Bare Specimens
In this method, the bare root samples were held inside the pneumatic grips and pulled. Roots were cut first and later clamped on both ends using the pneumatic grips attached to the pulling head of the tensile testing equipment as shown in Figure 3 . In most of the cases, the grass root samples failed prematurely due to rupture at the grip indicating the method is not suitable for small diameter roots that usually grow in wetland and coastal regions. Although the grass root samples failed prematurely, this method may be highly suitable for tensile testing of bigger diameter strong roots and minimum needed preparation work ensures low disturbance on the large diameter root samples subjected for testing.
Method-II: Pulling of Epoxy Covered Specimens
In the Method-II, before testing, the roots were cut and placed inside 25.4 mm long polypropylene plastic straw, which were then filled with an off-the-shelf one-minute cure two parts epoxy resin and hardener system. After the epoxy Figure 3 . Testing of a bare root sample held by the grips (Method-I).
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resin is cured to form a hard structure around the sample, the samples are placed inside the pneumatic grip and pulled. However, in most of the cases, the ends still got pressed and were failing prematurely due to rupture of the sample at the grip or the epoxy-sample joint location. Although the procedure (see Figure 4) produced scattered better result in comparison to the Method-I, the method also seemed to be not appropriate for small diameter roots due to the reasons of substantially greater sample preparation time and more probability of compromised samples during the preparation process.
Method-III: Pulling Using 3D Printed Mold
The Method-III utilized a pair (one for the top and one for bottom grip in the tensile testing equipment) of 3D printed two parts mold as shown in Figure 5 . resin. Once the resin got cured, the 3D molds along with the sample were placed inside the pneumatic grip connected to the tensile testing equipment and pulled.
The tensile strength results obtained was found better and consistent in comparison to the previous two methods. However, the sample preparation procedure was very cumbersome. Moreover, the pneumatic grips were too strong and squeezed the 3D molds resulted into replacement between testing of every 12 to 15 samples. Therefore, although the Method-III produced a better result, substantial time and resources involved in 3D printing was the principal drawback and forced to search for further smart, easily doable approach.
Method-IV: Modified Swivel Hook System
The Method-IV mainly based on a fabricated sample holding system made of 
Method-IVEx: Modified Swivel Hook System with Hot Glue
The Method-IVEx has the same preparatory steps as Method-IV with an exception of using of (see Figure 6 ) hot glue instead of epoxy. The method produced Figure 6 . Ruptured sample after the tensile testing using Method-IV (left) and Method-IVEx (right). 
Initial Results and Method Selection
For each method, 20 samples were tested, and the percent coefficient of variation for evaluation of any aging, temperature, and pH effect on the samples. Changes of pH in the root could occur regarding the bulk soil [19] . Before the collection of the sample, soil pH and temperature was measured using a handheld 3-way meter. The soil pH, moisture content, and temperature were recorded at 6.8, 65%, and 22.2˚C respectively.
In contrast to the traditional way of storing in a refrigerator at 1.11˚C, the au- 
Suggested Testing Protocol
The investigation showed that protocols for collection and storing of the samples had pronounced effect on the tensile strength. The following steps were found to be helpful during the testing and evaluation study.
• Measure the pH, moisture content, and temperature of the soil at the site.
• Carefully collect soil with root samples using a soil sampler or handheld/electric sod cutter.
• Store the samples in a humidor or controlled environment container and seal it. However, the specimens need refrigeration if they require substantial travel time (more than half an hour) to the laboratory.
• After bringing the samples the lab, wash away the dirt from the samples by pouring fresh water of same pH and temperature.
• Refrigerate the samples if not tested on the same day. The study revealed the mandatory conditioning of refrigerated samples before testing produces better results in comparison to the un-conditioned samples.
The current study showed that the systematic preparation of the sample produced reliable tensile strength data. Based on the research works, the paper proposes the following steps for preparing the test setup.
• Connect the S-binder to the pulling head of the tensile testing equipment. • Cut the sample at 76.2 mm length using a scalpel.
• Carefully trim 5.95 mm or longer side branches without harming the sample to be tested.
• Measure the diameter of the root sample at different locations across the length using a sophisticated slide caliper or a screw gauge and calculate the average diameter.
• Slide each end of the root sample through the hole on each Part-A1 and Part-A2 so that ½ inch length of the specimen is visible inside the loop.
• Pour hot-melt adhesive that has ethylene-vinyl acetate (EVA) copolymers (hot glue) or epoxy resin applicable in the moist environment inside the loop of Part A1 and A2.
• Once the hot glue or epoxy cured for the mentioned designated period, attach the setup to the open end of the S-binder.
• The jogging rate of the machine needs to be low (between 0.254 mm/min -1.25 mm/min) to produce enough tension (up to around 0.22 N to 2.22 N) as well as to ensure no premature rip causing tension force on the specimen.
• Next, pull the specimens slowly at 1.25 mm/min.
• Record and report the peak tensile strength of the samples.
Tensile Testing of Spartina alterniflora and Results
Salt marsh cordgrass (Spartina alterniflora Loisel) has been used increasingly to restore or construct estuarine wetland habitat [39] and reduce shoreline erosion [40] . This leads the author to test on Spartina alterniflora samples and the authors were able to collect limited numbers of samples from the coastal region of Louisiana, brought to the lab, and categorized them as R1, R2, and R3 based on their diameters. The average diameters for R1, R2, and R3 were 3.8 mm, 2.0 mm, and 0.76 mm respectively. The RATSAR calculated based on the average diameter of each of root type produced the mean tensile strength of 950.1 kPa, 1025.3 kPa, and 2173.2 kPa for root types R1, R2, and R3 respectively (see Table 1 ). The higher tensile strength value of R3 was possibly due to its very low cross-section that tore short after the tensile test started. However, this high tensile strength has the potential to mislead the rooted soil shear strength calculation, and therefore, the further study requires before reaching any conclusion.
Using the Method-IVEx Set-I tensile test data and Equation (5) Figure 11 . Contribution of roots towards the increase of soil shear strength.
The study also compared the outcome of the Equation (5) to the experimental evaluation. The authors manually planted Set-I roots with an average diameter of 2.45 mm (see Figure 12 ) inside the soil and conducted shear test following the similar normal pressure applied for testing the unrooted soil samples (see Table 2 ). Figure 13 shows the anticipated shear strength with increasing of root area when subjected to similar normal stress used for calculation of unrooted soil. As expected, the researchers observed the Equation (5) produced a linear relationship which did not conform to the actual shear test value of the rooted samples.
It shows that the definite shear stresses of the rooted soil samples were increasing with increasing root area per unit area of soil up to a certain point and started reducing after that. After taking into account of all the shear stress scenarios, the authors found the maximum shear strength regime of rooted soil be- 
Discussion
Vegetation growth is one of the solutions to enhance slope stability and prevent soil erosion, especially in coastal areas. The study comprising of experimental work was undertaken to evaluate the effect of plant roots' tensile strength on the shear strength of soil. The principal focus of the study included tensile strength evaluation procedure of roots. In addition to that, the investigation revealed soil pH, temperature, moisture content, root storage mechanism, and aging might also impact the projected shear strength, which is often estimated using a linear mathematical relation. The researchers collected soil samples with and without roots of Bermuda grass (Cynodon dactylon) from Ruston, Louisiana. The tensile testing procedure was developed by testing and processing one hundred carefully selected root samples, and finally, the Method-IVEx was selected. Next, the Method-IVEx implemented on the limited numbers of Spartina alterniflora root samples that grow in the coastal area of Louisiana. The testing of Spartina alterniflora root samples also produced admirable results. Finally, the direct shear tests were performed on the 56 soil samples by again embedding Bermuda grass (Cynodon dactylon) roots manually into them to study the effect of roots on soil shear strength. However, due to the limited number of samples, the direct shear test was not performed on soil samples with Spartina alterniflora root.
The study shows the possible existence of a non-linear (perhaps parabolic) relation between the tensile strength of roots and soil shear strength in the contributed area. The finding was contradictory to the Equation (5) and therefore, requires further studies. Another outcome of the current investigation was the importance of the consideration of the uneven distribution of roots in the sub-soil area that traditional testing approaches are restrained to cover.
Conclusions
The study achieved its objectives showing the influence of roots' sampling and testing procedure for better estimation of soil shear strength. The outcome of the study shows that the tensile strength of roots increases the shear strength of soil, thus prevents soil erosion and helps to conserve the ecosystem. However, as no standardized procedure for tensile testing of root samples is available in the public domain, there is a need of a standard procedure that will allow the researchers and coastal restoration engineers to avoid different routes and prevent leading to inconsistent soil shear strength evaluation. Thus, the novelty of the paper is laying the foundation for the development of a protocol for tensile strength evaluation of root samples and their contribution to soil shear strength.
Inspired by these findings, the author(s) proposed an in-situ root testing equipment suitable for vegetation grow in the coastal areas and awarded with the initial proof-of-concept fund from the Louisiana Board of Regents.
